Objectives: To histologically define the healing events occurring in calvarial critical size defects (CSDs) following treatment with a collagen barrier for guided bone regeneration (GBR) and a particulate graft in healthy and osteoporotic conditions. Material and Methods: Thirty-six 10-month-old, female, Wistar rats were used in this study. Half of them were ovariectomized (OVX) and fed with a low-calcium diet to induce an osteoporotic-like status. In each animal of both groups, two 5-mm CSDs were created, one in the centre of each parietal bone, and they were treated with a deproteinized bovine bone mineral (DBBM) particulate graft and a bi-layer collagen membrane. Six OVX and six healthy control rats were randomly euthanized at 7, 14 and 30 days. One defect per animal was randomly processed for decalcified histology. Three central sections were used for qualitative histology and histomorphometric analysis.
needed to confirm these data.
Osteoporosis is a "systemic skeletal disease characterized by low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to fracture" (Consensus development conference: Diagnosis, prophylaxis, and treatment of osteoporosis, 1993). Women after menopause are at higher risk of developing osteoporosis, as oestrogen depletion stimulates an up-regulation of RANKL and a reduced production of osteoprotegerin (OPG), with an overall enhancement of bone turnover (Garnero et al. 1996) . In addition, oestrogen withdrawal is associated with the development of a proinflammatory status (Jilka 1998) and, most probably, to the development of an increased sensitivity of bone towards parathyroid hormone (secondary hyperparathyroidism) (Haden et al. 2000) . According to a recent report, 3.21 million people had osteoporosis and 536 000 osteoporotic fractures were recorded in UK in 2010. Projections for 2025 speculate an increase of osteoporotic fractures to 682 000 (27%) (Svedbom et al. 2013 ).
An appropriate treatment of cranio-maxillofacial osseous defects in osteoporotic patients requires a better understanding of the effect of osteoporosis on the physiological and structural properties of bone and on the mechanisms of bone healing. There is preclinical evidence from OVX animals that osteoporosis may induce a general impairment of bone mechanical properties and a delay in bone healing after a fracture (Namkung-Matthai et al. 2001; Hao et al. 2007) , in the extraction socket (Jahangiri et al. 1997; Tanaka et al. 2001 ) and in subcritical size defects (He et al. 2011; Durao et al. 2012 ). A few pre-clinical studies have also shown reduced bone formation/bone quality in grafted bony defects (Oberg et al. 2003) , in calvarial critical size defects (CSDs) treated with guided bone regeneration (GBR) and a graft (Durao et al. 2014) , during de novo bone formation under sandblasted large grit and acid etched (SLA) and SLActive domes (Mardas et al. 2011 ) and during distraction osteogenesis (Arslan et al. 2003; Bayar et al. 2012 ). However, contradictory results have also been published (Cortet 2011) .
The process of bone regeneration under a barrier membrane (Guided Bone Regeneration) follows a series of well-orchestrated healing stages that recapitulate the normal osteogenesis process (Schenk et al. 1994 ) (for review, see (Retzepi & Donos 2010) ). According to the GBR principle, the placement of a membrane aims to mechanically isolate a bone defect from the neighbouring soft tissues. In this way, a secluded space is created, which facilitates the recruitment and differentiation of osteoprogenitor cells from the marrow spaces directly into the defect, as well as the proliferation of the newly formed vasculature (Dahlin et al. 1990; Donos et al. 2004 Donos et al. , 2015 . Different bone grafts can be associated with barrier membranes with the aim to increase membrane support (by reducing the risk of collapse), to act as a scaffold for bone ingrowths (osteoconductive properties) and to protect the augmented volume from resorption (Donos et al. 2002a (Donos et al. ,b, 2005b .
Considering the pathogenesis of osteoporosis and the reduced differentiation, activation and function of osteogenic mesenchymal cells associated with ageing (Kassem & Marie 2011) , it is plausible to assume that the cascade of events taking place during bone regeneration may be negatively influenced by osteoporosis.
The aim of the present investigation was to define at a histological level the healing events during the regeneration of a calvarial CSD under conditions for GBR, following the use of a collagen barrier and a deproteinized bovine bone mineral (DBBM) particulate graft, in healthy and osteoporotic-like animals.
Material and methods

Experimental model and induction of osteoporosis-like condition
The protocol was approved by the Ethical Committee of the Capodistrean University of Athens. The experiment was carried out in accordance with the local regulations for the care of animals in experimental procedures, and the ARRIVE guidelines for reporting in vivo animal experiments were followed.
Thirty-six 10-month-old, female, Wistar rats weighting between 240 g and 344.2 g were used in the study. After 2 weeks of acclimatization, experimental osteoporosis was induced in 18 rats by bilateral ovariectomy (OVX) and calcium-deficient diet (TestDiet â AIN-93M, containing 0.1% calcium and 0.77% phosphorus), as previously described (Mardas et al. 2011) . The remaining 18 animals were used as healthy controls and fed with a standard diet. The experimental GBR surgery took place 6 weeks after OVX. Following general anaesthesia by inhalation with isoflurane (mixture of 4% in oxygen, then decreased to 2%), a mid-line incision was performed in the rat calvarium and a full thickness flap was raised to expose the calvarial vertex in the area of the parietal bones. Two standardized 5-mm "through-andthrough" defects were created with a trephine burr, one in the centre of each parietal bone, as previously described (Donos et al. 2004 (Donos et al. , 2011a Ivanovski et al. 2011) . As reported by Vajgel et al. (Vajgel et al. 2014) , this defect can be considered as a CSD in rats. After carefully detaching the dura from the inner wall of the parietal bone, a first resorbable collagen membrane (Geistlich BioGide The animals were randomly allocated to six groups according to the osteoporotic status and observation period. Six OVX and six rats serving as control animals were euthanized at 7, 14 and 30 days of healing. During the sacrifice, one tibia per animal was harvested to histologically confirm that induced osteoporosis had occurred. All animals were weighted at the beginning of the study, at the time of GBR surgery and before sacrifice. The OVX animals were also weighted on the day of OVX.
Qualitative histology analysis and histomorphometric measurements
Following euthanasia, the rat calvarium was exposed and the randomly selected defect for histology analysis was fixed in 5% neutral buffered formalin. Following decalcification, the specimens went through standard paraffin processing. Anterior-posterior consecutive sections of 8-10 lm every 100 lm were cut with a fully motorized and programmable rotary microtome (Leica RM 2265) and stained with haematoxylin and eosin. Qualitative and histomorphometric evaluations were performed by a single, blind and previously calibrated examiner using a light microscope (Olympus BX50, Olympus America, Inc., Center Valley, PA, USA) connected to a digital colour camera (CoolSNAP-Pro Media Cybernetics Inc., Marlow, Buckinghamshire, UK) and with the help of the software Image-Pro Plus (Version 4.5.0, Media Cybernetics Inc., Marlow, Buckinghamshire, UK). Three consecutive central sections of each sample were identified and selected for histometric analysis.
The width and the area of the defects were measured with an Olympus 1.25X/0.04 lens (Olympus America, Inc.). After optimization of the image contrast and white balance, the percentage of new bone formation and bone graft in relation to the area of the defect delimited by the two membranes were calculated, based on the methodology applied by previous works (Melo et al. 2005; Messora et al. 2008; Paknejad et al. 2014) . The mean value between the three central sections of each sample was recorded.
A qualitative evaluation of calvarial bone close to the defects was also performed to identify possible differences between OVX and healthy animals.
Tibia processing and analysis
The tibias harvested from two randomly selected healthy and OVX animals for healing period were processed following undecalcified histology technique. Serial sections of 50-60l were cut along a plane parallel to the long axis of the tibias. Two consecutive central sections per specimen were considered for static histomorphometry assessment with a motorized microscope (Nikon Eclipse 90i). The following parameters were measured in the proximal third of the tibias by a blind previously calibrated operator: trabecular number (Tb.N), trabecular width (Tb.Wi), trabecular separation (Tb.Sp), cortical width (Ct.Wi) and bone volume/tissue volume (BV/ TV%) (Parfitt et al. 1987; Dempster et al. 2013) . Furthermore, at 940 magnification, the ratio between the cancellous bone volume and the total tissue volume (Cn.BV/BT %) was measured in a 1.6 mm 9 2.2 mm region of interest (ROI), equidistant from the two cortices and not including the epiphyseal plate.
Statistical analysis
At the time point when the study was designed, it was not possible to retrieve any data from similar studies for sample size calculation, and therefore we referred to previous studies using a similar model for sample size speculation.
Two-way analysis of variance (ANOVA) was performed with SPSS â software (IBM Corp. Released 2013. IBM SPSS Statistics for Macintosh, Version 22.0. Armonk, NY: IBM Corp.). The aim was to evaluate the effect of time and group (osteoporotic vs. non-osteoporotic group) on the percentage of new bone formation. The percentage of bone graft was added as a covariate. As no new bone formation was detected in both groups at day 7, this healing period was excluded from the analysis. ANOVA's assumptions of constant variance and normality were checked by a study of the residuals, and they were both fulfilled.
To evaluate the reproducibility of the examiner, duplicate measurements were performed in 12 samples after a minimum period of 7 days from the first reading. For each measurement, a paired t-test was performed, the Bland and Altman diagram was drawn, and the British Standards Institution repeatability coefficient and Lin's concordance correlation coefficient were determined with the software STATA 13 â (StataCorp. 2013. Stata
Statistical Software: Release 13. College Station, TX: StataCorp LP). After checking for normality distribution of the data with the Shapiro-Wilk Test of Normality, the weight of OVX animals at the day of ovariectomy and at the day of GBR was compared with the paired samples t-test. A respectively) , the hierarchical ANOVA analysis provided no evidence of an interaction between groups and times (P = 0.898), or of a significant difference between the two group means (P = 0.489). Conversely, a significant difference between the two healing times was observed (P = 0.004), which could be regarded as the same for the OVX and control animals because of the lack of a significant interaction.
Confirmation of osteoporotic-like condition
From a qualitative point of view, the tibias harvested from OVX animals showed less cancellous bone than the healthy controls, with a few detectable trabeculae that were highly perforated (Fig. 2) . No differences between the 7-, 14-and 30-day OVX animals were identified. OVX samples presented a marked decrease in Tb.N and increase in Tb.Sp (Mann-Whitney U-test, P = 0.002), while the thickness of the trabeculae (Tb. Wi) was not significantly different between the healthy controls and the OVX animals (Table 1) . A significant reduction in BV/BT% and Cn. BV/BT was also registered (MannWhitney U-test, P = 0.002). The thickness of the cortical bone (Ct. Wi) did not significantly differ between healthy controls and OVX animals (Mann-Whitney U-test, P = 0.31) ( Table 1 ). In addition to tibia, calvarial bone was qualitatively evaluated for osteoporotic features. In the OVX animals, the host bone close to the GBR site presented with less and poorly connected trabeculae and enlarged marrow spaces filled by a high number of adipocytes (Fig. 3) .
Qualitative histological analysis and barrier resorption process Day 7: In both groups, the margins of the defects were clearly detectable and no new bone formation was observed at 7 days of healing. The defects were mainly filled by (a) (b) coagulum remnants and graft particles embedded into poorly condensed connective tissue. Both membranes were well preserved and appeared as interconnected porous structures. From a qualitative evaluation, the penetration of body fluids had given the membranes a spongy aspect, with noticeable separation between the collagen bundles (Figs 4 and 5).
Day 14: At 14 days, no significant differences were noticed between the two groups. The membranes were infiltrated by a few mononuclear cells with pyknotic nuclei, and although they were overall well preserved and still maintaining their barrier function, there were signs of breakdown of the eosinophilic bundles. The graft particles were surrounded by loose connective tissue, and only close to the defect margin, it was possible to observe small amounts of newly formed bone, most of the times in continuity with the host bone (Figs 6 and 7) .
Day 30: At 30 days, in both groups, the membranes were infiltrated by mononuclear cells and marked signs of degradation were detectable. In particular, the eosinophilic collagen bundles were fragmented in short and scattered clusters, with new vessels penetrating them (Figs 8 and 9 ).
In the healthy controls, a partial collapse of the upper membrane was observed in two samples. No sample presented with complete bone bridging and defect closure, and all the defects were still filled mostly by graft particles embedded into a fibroblast-rich connective tissue. Within the control healthy rats, a significant variability in the amount of newly formed bone was detected, with few samples presenting large islands of newly formed bone throughout the defect. No signs of resorption of the graft particles were identified.
In the OVX animals, none of the samples presented with membrane collapse at 30 days. Most of the defects were still filled by graft particles embedded into condensed fibrous connective tissue, but islands of bone were clearly identifiable and they were spreading centripetally from the margin of the defects. From a qualitative perspective, the newly formed bone appeared less mature and organized than the bone detected in the healthy animals (Figs 8 and 9 ). In both groups, no direct contact between DDBM particles and newly formed bone was found.
Histomorphometric measurements
While no newly formed bone was detected at 7 days, the mean percentage of newly formed bone in the healthy and OVX groups was 3.16% (SD 2.39%, 95% CI 0.65%-5.67%) and 4.12% (SD 2.71%, 95% CI 1.28%-6.97%) at 14 days, and 17.01% (SD 7.55%, 95% CI 9.08%-24.94%) and 15.33% (SD 3.65%, 95% CI 11.50%-19.16%) at 30 days, respectively (Table 2) .
A statistically significant increase in newly formed bone was observed from 14 to 30 days in both groups (P < 0.001), but no significant differences were found between the two group means (P = 0.201). There was no significant interaction between time and percentage of newly formed bone (P = 0.813), so any difference in bone formation between the times was similar in the two groups (Fig. 10) . Although the percentage of graft did not statistically differ between the healthy controls and OVX animals (data not shown), descriptive statistics suggested that at 14 days a higher amount of graft particles were present in the healthy rats (mean 48.20%, SD 9.65%, 95% CI 38.08%-58.33%) in comparison with the OVX rats (mean 29.45%, SD 10.45%, 95% CI 18.48%-40.42%) (Table 2) . Furthermore, at 30 days, the SD and 95% CI were significantly higher in the control group (SD 18.48%, 95% CI 22.15%-60.95%) compared to the OVX group (SD 5.71%, 95% CI 34.21%-46.20%) ( Table 2) .
The reproducibility of the measurements was high (data not shown). The differences between the first and second readings for the percentage of newly formed bone were approximately normally distributed and had a mean, d = À0.01% (SD 0.34%). The Bland and Altman diagram showed a random scatter of points. The paired t-test gave a non-statistically significant mean difference between the repeated measurements (P = 0.92). The standard deviation of the differences was 0.34%, so that the British Standards Institution repeatability coefficient (representing the maximum likely difference between a pair of measurements) was 0.68%. This means that 95% of the differences between the two readings would be expected to lie between À0.69% and 0.67%. We judged these limits of agreement to be clinically acceptable. Lin's correlation coefficient was 0.99 (95% CI 0.99-1.0), showing an almost perfect concordance. Similar results were obtained for the percentage of graft particles and for the defect width (data not shown).
Discussion
The rat calvarial CSD is a well-characterized in vivo model for the study of intramembranous osseous healing and bone regeneration in relation to different types of membranes and in the presence/absence of grafts in healthy and compromised healing conditions (Retzepi & Donos 2010; Vajgel et al. 2014; Donos et al. 2015; Stavropoulos et al. 2015) .
The efficacy of the OVX model to induce experimental osteoporosis was confirmed by the histological analysis of the proximal tibias, which showed clear osteoporotic features, with a reduced number and an increased separation of bone trabeculae, while the trabecular thickness was not significantly affected (Fig. 2 and Table 1 ). These data suggest that a mechanism of trabecular perforation occurred without prior thinning of the trabecular plates, as previously described (Dempster et al. 1995) . The thickness of the cortical bone did not significantly changed, and this might be due to the presence of a periosteal reaction. In addition, the qualitative evaluation of the host calvarial bone close to the CSDs showed enlarged marrow spaces and a high number of adipocytes, which confirmed the efficacy of the model also for cranial bones (Fig. 3) .
According to our findings, GBR could be successfully performed also in the presence of reduced BMD, as no significant differences in terms of percentage of new bone formation were reported between the OVX and healthy control groups. Nevertheless, a non-statistically significant trend for less bone formation and reduced bone quality in osteoporotic-like conditions was observed at 30 days of healing.
This study showed that bone regeneration proceeded at slow pace in both groups. At 7 days in both healthy and OVX rats, the defects were mainly filled with coagulum remnants and DBBM particles embedded into scarcely organized loose connective tissue. At 14 days, the connective tissue started to condense and organize, but new bone formation was mainly located at the periphery of the defects, in direct continuity with pristine bone. At 30 days, the percentage of bone formation was 17.1% in the healthy control group and 15.33% in the OVX group, respectively. These data are in agreement with the percentage of bone formation recently reported by van Houdt et al. (van Houdt et al. 2015) at 1 month of healing in non-critical femoral defects treated with DBBM in osteoporotic-like and healthy rats (15% AE 5% and 16% AE 4%, respectively). Conversely, Oliveira et al. (Oliveira et al. 2015) and Tovar et al. (Tovar et al. 2014) found a slightly higher mean percentage of new bone formation in comparison with our results, respectively, in calvarial CSDs performed in healthy rats (26.15% AE 5.78) and in calvarial defects performed in healthy rabbits (23.49 AE 10.2) treated with DBBM (without membrane).
Previous studies treating calvarial CSDs in healthy animals with GBR principle and a bilayer membrane (one membrane on the intracranial and one membrane on the extracranial side of the defects), but without the use of a bone graft, reported a significantly higher amount of bone formation compared to our study, with several specimens presenting with complete bone bridging of the defects already after 1 month of healing (Dahlin et al. 1991; Bosch et al. 1995; Donos et al. 2011a ). This can be explained by the fact that the presence of a xenogenic material may delay the bone healing process in healthy conditions (Slotte & Lundgren 1999; Stavropoulos et al. 2001; Donos et al. 2004 Donos et al. , 2005a Araujo et al. 2008) . In fact, a xenogenic material does not offer any osteoinductive/osteogenetic input beside its osteoconductive properties and its slow resorption rate may not allow adequate space for new bone formation (Donos et al. 2005a) . Considering the delay that may be caused by DBBM to bone healing by occupying the space of the defect (Stavropoulos et al. 2001; Donos et al. 2004 Donos et al. , 2005a , it is plausible to suggest that the difference between the two groups would become significant at later healing periods. In agreement with this hypothesis, Durao et al. (Durao et al. 2014 ), who applied DBBM in rat calvarial CSDs, confirmed only a trend (not statistically significant) for less bone formation in OVX rats compared to healthy controls at 30 days of healing. However, this difference became significant at 3 and 6 months of healing. Previous studies on fracture healing have also documented a negative influence of osteoporosis, in terms or reduction of callus BMD and mechanical properties, that became more evident only at a later stage of osseous healing (remodelling stage) (Kubo et al. 1999; Beil et al. 2010) .
When considering the limited amount of bone formation recorded in this experimental study, it is also worth remembering that in cortical bones, such as the calvarial bone, the healing process is slower than in cancellous bone, owing to the poorer blood supply and reduced bone marrow (Najjar & Kahn 1977; Gomes & Fernandes 2011) .
The standard deviation (SD) and 95% CI of the newly formed bone at 30 days could be (a) (c) (b) Fig. 9 . Thirty-day OVX sample. (a), The whole defect is represented, with heavily resorbed and infiltrated membranes; (b, c), Most of the defect was filled by graft particles embedded into condensed connective tissue, but islands of bone were clearly identifiable and they were spreading centripetally from the margin of the defect (details taken with 209 lens). M, membrane; G, graft; Pr, pristine bone; V, blood vessel; Wb, woven bone considered as high, especially for the healthy control group (SD 7.55%, 95% CI 9.08%-24.94%) ( Table 2) . However, an even higher SD (10.20%) was previously reported by Tovar et al. (Tovar et al. 2014 ) at 4 weeks of healing in 8-mm rabbit calvarial defects treated with DBBM. The SD observed in the current study at 30 days could be related to the fact that in two healthy control samples a partial collapse of the upper collagen membrane was observed, which may have negatively affected the average amount of regenerated bone. Although collagen membranes present with several advantages compared to non-resorbable ones, they are more prone to collapse into the defect area due to their poor mechanical properties. Moreover, despite the amount of graft particles placed in the two groups did not statistically differ (P > 0.05), the lack of a rigid barrier may have allowed some particles migration, with the risk of having an uneven graft distribution between the samples. Considering that a delay in bone formation has been documented in the presence of DBBM (Donos et al. 2004 (Donos et al. , 2005a , it is plausible that an uneven amount of graft particles may have contributed to the variability observed in relation to new bone formation, especially in the healthy control group. In the 7-day samples, an uneven distribution of graft particles may have also resulted from the processing of the histology specimens. In fact, at this early healing period, the tissue within the defects is mainly made of coagulum remnants and poorly condensed connective tissue, which does not tightly embed the graft particles (Donos et al. 2011b; Ivanovski et al. 2011 ) (Figs 4 and 5) . In some 7-day samples of both groups, we did notice that the cutting of thin decalcified sections resulted in some graft particles loss. This observation was confirmed by the histomorphometric analysis as, on average, a higher percentage of graft particles was consistently found at 14 and 30 days compared to 7 days of healing in both groups (Table 2) .
Although it was not our primary outcome to evaluate membrane degradation, to the best of our knowledge, this is the first study that showed histologically the behaviour of collagen membranes during early healing periods of GBR.
At 7 days of healing, the body fluid penetration had given the membranes a typical spongy aspect (Zhao et al. 2000) , and we already observed separation of the collagen bundles (Figs 4 and 5) . Nevertheless, the membranes on both the intra-cranial and extra-cranial sides were still acting as a barrier at all healing periods.
This study presents with some limitations. Although our aim was to evaluate the effect of osteoporosis in a biomaterial-mediated setting, and therefore, we used the biomaterials most widely applied by clinicians (collagen membrane and DBBM), we do not know how the presence of the graft might have influenced the bone formation process. It would be useful in the future to design a study with an additional experimental group treated with GBR only, without the addition of a bone graft. Moreover, an effort towards the standardization of the amount of graft particles should be considered, by for example weighting them before their application. Longer healing periods (up to 4 months) should also be considered (Donos et al. 2004 ), since at 1 month, no complete defect closure was observed, and thereby, it was not possible to evaluate the effect of experimental osteoporosis on the later stages of bone formation.
Despite the aforecited limitations, it can be concluded that experimental osteoporosis does not seem to significantly affect the early stages of bone regeneration performed according to the GBR principle, but we may expect a trend towards less new bone formation and of poorer quality at the osteoporotic sites. These results can be a useful starting point to plan future studies.
